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Massive information from dust emission

Nearly 50% radiation information come from dust emission
COSMIC INFRARED BACKGROUND 733

Figure 2 The extragalactic background over three decades in frequency from the near UV to
millimeter wavelengths. Only strongly constraining measurements have been reported. We
show for comparison in gray an SED of M82 (Chanial 2003)—a starburst galaxy at L = 3×
1010 L —normalized to the peak of the CIB at 140 µm. References for data points are given
in Table 1.

these wavelengths. The full cosmic background spectrum is shown in Figure 2.
Only most recent and strongly constraining measurements have been plotted for
clarity.

Figure 2 clearly shows that the optical and infrared cosmic backgrounds arewell
separated. The first surprising result is that the power in the infrared is comparable
to the power in the optical. In contrast, we know that locally, the infrared output of
galaxies is only one third of the optical output. This implies that infrared galaxies
grow more luminous with increasing z faster than do optical galaxies. A second
important property to note is that the slope of the long-wavelength part of the
CIB, Iν ∝ ν1.4 (Gispert, Lagache & Puget 2000), is much less steep than the long-
wavelength spectrum of galaxies (Figure 2). This implies that the millimeter CIB
is not due to the millimeter emission of the galaxies that account for the peak of the
CIB ( 170 µm). The implications in terms of energy output have been drawn by,
e.g., Gispert, Lagache & Puget (2000). The infrared production rate per comoving
unit volume (a) evolves faster between redshift zero and 1 than the optical one and
(b) has to stay constant at higher redshifts up to redshift 3 at least.
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Cosmic Infrared Background radiation: 50% dust emission. (Lagache+2005)
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Massive information from dust emission

SED of an ordinary galaxy - a model view

HI�'YRLE�����

• Dust extinction & emission ⇒ Define the SED shape
• Galaxy metallicity⇒ Locked in dust content
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Important part of ISM Life-cycle

The Life cycle of interstellar dust

• ISM life-cycle: gas content, metallicity, ...
• Dust production, destruction and the origin (especially at high-z)?
• Galaxy evolution: dust play an important role!
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How to study the dust content?

From its radiation! - Graybody emission

Sν = Qem( ν
ν0

)β B(ν ,T )

• A modified planck function
with Single temperature
component

• Sensitive to Td for
Sν ∝ T 4+β

d ⇒ some colder
dust will easily be omitted
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IRAS may miss a population of cold dust!

BGS Sample bias
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IRAS may miss a population of cold dust!

1980). For this sample, the accessible volume is the maximum

volume in which the object could be seen and still be in the IRAS

Bright Galaxy Sample (BGS), and so to calculate this, the 60-mm

luminosity of each galaxy is used. In equation (5), however, the

luminosity is the luminosity at 850mm, the wavelength of our

survey. The volume from cz � 0 to 1900 km s21 is not included in

the calculation of Vi, as galaxies with velocities less than this were

excluded from our sample. F(L) has been normalized to dex21 by

dividing by DL. The dust mass function is estimated in the same

way as the LF, but substituting dust mass for luminosity in

equation (5). This was done for both values of the dust mass: using

a single temperature, and assuming a colder component at Td �
20K: The LF at 850mm and both of the dust mass functions are

shown in Fig. 5, and tabular forms for the functions are given in

Table 7.

The BGS contains many close pairs which are resolved at

850mm but not at the IRAS wavelengths. A few do have HIRES

fluxes (Surace et al. 1993) and, when the resolved 60-mm flux is

still above the 5.24-Jy limit of the sample, can be treated as

separate objects for the purposes of calculating the luminosity and

dust mass functions. The effect on the LF of separating sources in

this way would be to steepen it, as one luminous source with a

large accessible volume becomes two less luminous sources with

smaller volumes. We attempted to quantify this in the following

way. For galaxies without HIRES fluxes, we estimated 60-mm

fluxes for the individual galaxies in each pair using the FIR±radio

correlation (Helou, Soifer & Rowan-Robinson 1985). We removed

any galaxy whose flux fell below the flux limit of the sample and

re-calculated the LF. Fig. 6 shows this LF compared with our

original one (calculated using the sum of the 850-mm emission

from a pair of galaxies unresolved at 60mm). There is only a

significant difference in the highest luminosity bin, which suffers

from noise anyway due to the small number of objects. In future,

we will refer only to the LF constructed using the combined pair

fluxes (Fig. 5a), since this can be most readily compared with the

60-mm LF.

The LF estimator (equation 5) is unbiased, providing there is no

population of submillimetre emitting galaxies which have a high

space density, yet are completely absent from the original IRAS

sample. The only conceivable type of galaxy to which this could

apply would be a hypothetical `cold' population with Td , 25K:
To investigate this possibility, let us assume that there are two

populations of galaxies with equal space densities and 850-mm

luminosities, one with dust temperatures at 20K and the other at

35K. The relative numbers in an 850-mm flux-limited survey

would be given by

NA

NB

� FA

FB

� VA

VB

<

FA

FB

�L850;A�3=2
�L850;B�3=2

;

where A and B refer to the two populations, F is the space density,

V is the `accessible volume' in which one of the galaxies would

have been detected by the survey, and L850 is the luminosity at

850mm. Given the assumptions we have made, NA=NB � 1 and

therefore equal numbers of the two populations should be found

by the survey.

Now let us consider the relative numbers that would be found

by a 60-mm flux-limited survey (the BGS). Replacing the 850-mm

luminosity in the above equation with 60-mm luminosity, we now

predict that the ratio N35K=N20K will be ,724. Clearly, in a

sample of ,100 IRAS galaxies, finding a member of this

hypothetical cold population would be unlikely, and so our

attempt to construct the 850-mm LF from our sample would be an

underestimate. Making a similar calculation for galaxies at Td �
25 and 35K, we now expect to find ,32 times as many warm

galaxies as cold ones, so in our sample we would expect to see

around three objects at Td � 25K: There are actually two galaxies

with Td , 25K in our sample, which is consistent with the idea

that we could be missing a significant cold population.

Is there truly a possibility that there is a missing population of

galaxies? An important point to realize is that our dust tempera-

tures are merely those corresponding to a best-fitting single-

component model, and are not actual dust temperatures. One way

to assess the possibility that we are missing galaxies is to carry

out precisely the same fitting procedure for optically selected

galaxies. For example, NGC 891 has been studied at many

submillimetre wavelengths (Alton et al. 1998b), but if we throw

away all the measurements except those at 60, 100 and 850mm,

and carry out our fitting procedure, we obtain Td � 34K and

b � 0:7: While this temperature is similar to the average

temperature for our sample, indicating that there is a warm

component in NGC 891, the value of 0.7 for b is significantly

lower than for most of our galaxies, suggesting a large amount of

colder dust, and when the full submillimetre data set was used, the

bulk of the dust in NGC 891 was found to be at 15K. Consider

now our own Galaxy: if the IRAS FIR and ARGO submillimetre

data (Sodroski et al. 1989; Masi et al. 1995) for the Milky Way is

combined and fitted in our usual way, we find a temperature of

Figure 7. The measured 850-mm luminosity function (solid symbols with

error bars) along with extrapolations of the 60-mm LF from Soifer et al.

(1987), using the following fixed parameters: b � 2; Td � 24K ± open

triangles; b � 1:5; Td � 38K ± solid diamonds; b � 1; Td � 45K ± open

circles.

The SCUBA Local Universe Galaxy Survey ± I 129

q 2000 RAS, MNRAS 315, 115±139

• The measured 850µm luminosity
function: solid dot

• Extrapolations of the 60µm
luminosity function using fixed
parameters

• triangles: β = 2, Td = 24K
• diamonds: β = 1.5, Td = 38K
• circles: β = 1, Td = 45K

• 60µm sources are different
from the submm-detected
sources!

• Something must be missing!
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The existence of very cold grains

A possibility of two components model

Single component

Dunne, L.+2000

Double components

Dunne, L.+2011

• Sν = Nw ×νβ B(ν ,Tw )+NC ×νβ B(ν ,Tc).
• The distribution of β shifts to higher values, and there

comes a very cold component.
• 60µm by IRAS survey can not detected this.
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The existence of very cold grains

Is this model right?

A tight correlation was found between 450µm and 850µm

Clements+2010

Ultraluminous infrared galaxies 279

Figure 1. Histogram of dust temperatures for single temperature fits.
ULIRGs (solid line) compared to SLUGS galaxies (Dunne et al. 2000;
Vlahakis et al. 2005) (dashed line).

Figure 2. Histogram of dust masses for single temperature fits. ULIRGs
(solid line) compared to SLUGS galaxies (Dunne et al. 2000; Vlahakis et al.
2005) (dashed line).

we can make a first examination of the validity of this idea by
examining the 60 μm to submm colours, as in fig. 6 of Dunne &
Eales (2001). This is shown in Fig. 4. As can be seen, the ULIRGs
sit on exactly the same tight correlation as SLUGS galaxies, though
with generally higher IRAS to submm ratios. They are thus likely
to have similar dust properties to the SLUGS sources, albeit with
higher dust temperatures. We thus attempt two component dust fits
to the SEDs of these sources.

4.3 Two component fits

We applied two dust component fits to all 15 objects where we have
fluxes at both 450 and 850 μm. For eight of these, there was clear
evidence for the presence of two dust components on the basis of
improved fitting (reduced χ 2) compared to the one component fits.
In contrast to this, evidence for cold dust in 50 per cent of ULIRGs,
nearly all normal galaxies in SLUGS where 450 μm fluxes are
available show the same improved fits for two dust components.
The SED fits are shown in Fig. 5.

Figure 3. Histogram of dust emissivities (β) for single temperature fits.
ULIRGs (solid line) compared to SLUGS galaxies (Dunne et al. 2000;
Vlahakis et al. 2005) (dashed line).

Figure 4. 60 μm to 450 and 850 μm colours for ULIRGs (triangles) and
SLUGS galaxies (stars) from Dunne & Eales (2001) and Vlahakis et al.
(2005). Only those sources for which fluxes at both 850 and 450 μm are
available are plotted. Note that the ULIRGs lie on the same tight correla-
tion as the SLUGS sources suggesting that the general nature of their dust
emission is very similar. The ULIRG to the extreme right of the plot is
IRAS14348−1808.

Fig. 6 shows plots comparing dust temperatures, masses and the
cold-to-hot ratio in the ULIRG sample and in the more general
SLUGS sample. A number of things are readily apparent. First
the ULIRGs, as expected, seem to have significantly higher dust
masses than the average SLUGS source (a KS test finds this differ-
ence significant at the 99.99 per cent level). Secondly, the hot dust
temperature distributions of the two sets of objects are similar while
the cold dust temperature distributions are different (98.4 per cent
significance) and the distribution of cold to hot dust ratios is dif-
ferent (99.1 per cent significance). ULIRGs thus seem to have less
cold dust than more normal galaxies with a different temperature
distribution.

4.4 Dust in ULIRGs

Comparison of the two component fit results for ULIRGs and less
luminous SLUGS objects suggests the following scenario. The dust
content of a ULIRG is largely the combination of the dust in the

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 403, 274–286

Ade+2011Planck Collaboration: Planck early results. XVI.

Fig. 3. 60 μm to 857 GHz (i.e., 350 μm) colour plotted against the cirrus
RMS at 100 μm in IRAS. ERCSC sources classified as point-like are
shown as open diamonds, while extended sources are shown as solid
dots. Note that the extended sources show a clear correlation between
colour and cirrus RMS, indicating that these sources are likely to be
contaminated by cirrus emission.

to cause problems for point source detection in the ERCSC. We
measure the cirrus RMS in a 3 × 3 array of points, separated by
0.1◦ and centred on the position of the ERCSC source. Since cir-
rus emission is likely to have cooler FIR-to-submm colours than
the integrated emission of an external galaxy, we then look for
any correlation between cirrus RMS and the 60 μm-to-857 GHz
colour. We plot this relation in Fig. 3.

As can be seen from Fig. 3, there appears to be a correla-
tion between colour and cirrus RMS for the sources classified
as extended in the ERCSC. We conclude that the ERCSC fluxes
for these sources are partially contaminated with cirrus emission
from our own Galaxy. We thus exclude these 127 sources from
further analysis. Of the remaining 468 non-extended ERCSC
sources, fewer than 10 lie in the region of this correlation. These
sources are retained for the following analysis, but any conclu-
sions that come solely from these specific sources will be treated
with caution.

More generally, this analysis highlights one of the issues that
must be faced when using the ERCSC catalogue. Anyone wish-
ing to cross-match Planck sources, especially those detected at
high frequencies, with sources at other wavelengths, needs to
take great care in ensuring that the ERCSC fluxes are not con-
taminated by cirrus emission.

3. Comparison to existing submm data

3.1. Galaxies detected with SCUBA

The largest studies of cool dust in external galaxies to date have
been associated with the SCUBA Local Universe Galaxy Survey
(SLUGS) and its extensions (Dunne et al. 2000; Dunne & Eales
2001; Vlahakis et al. 2005; Clements et al. 2010b). These en-
compass a total of about 250 objects that were observed with
SCUBA. The targets were selected on the basis of IRAS flux
B-band optical magnitude or FIR luminosity. Most of the ob-
jects were detected only at 850 μm (i.e., not also at 450 μm),
allowing, with the IRAS data, only a single component (T, β)
fit – where the SED is described as S ν ∝ νβB(ν, T ), with B(ν, T )
being the Planck function, and the parameters T and β repre-
senting temperature and dust emissivity index, respectively. A
small fraction of SLUGS galaxies were also detected at 450 μm,

Fig. 4. Colours for the ERCSC galaxies (black dots) compared to those
found for SLUGS galaxies (red; Dunne & Eales 2001; Vlahakis et al.
2005) and ULIRGs (blue; Clements et al. 2010b). A flux correction
factor of 0.506 has been applied to the Planck 857 GHz (350 μm) flux
densities to extrapolate them to the SCUBA 450 μm band. This correc-
tion is appropriate for sources with the SLUGS median galaxy SED
i.e. T = 35 K and β = 1.3, but this factor will be similar for most
reasonable dust SEDs. Only sources detected at >3σ in the 353 GHz
(850 μm) band and at >5σ in the 857 GHz (350 μm) band (the require-
ment for inclusion in our analysis) are shown. The four points above
the general trend in the lower left of the diagram are bright non-thermal
dominated sources 3C 279, [HB89]0537−441, OJ+287 and 3C 273. The
SLUGS point with the lowest 60 μm to SCUBA flux ratios corresponds
to the galaxy IC 979; it is offset from the general correlation for SLUGS
and ERCSC galaxies, and Vlahakis et al. (2005) note that its IRAS flux
densities should be treated with caution.

allowing for the existence of a second, cooler, dust component
to be assessed. For these objects, and more recently for an ultra-
luminous IR galaxy (ULIRG) sample, Dunne & Eales (2001)
and Clements et al. (2010b) found some evidence for a colder
dust contribution.

The presence of colder dust can be inferred from colour-
colour diagrams when two submm flux densities are available.
We show the SLUGS sources and the ERCSC sources (af-
ter colour corrections to the Planck flux densities and a suit-
able scaling has been applied to convert from Planck 857 GHz
flux density to the SCUBA 450 μm band) in Fig. 4. As can
be seen, the Planck galaxies lie on the same broad trend as
the SLUGS galaxies (with the exception of a small number
of objects dominated by a non-thermal AGN component, such
as 3C 273 and 3C 279). The ERCSC sources, though, extend
the trend to cooler FIR/submm colours than were found for
the SLUGS objects, suggesting that the galaxies detected in the
ERCSC contain cooler dust than was detected in the majority of
SLUGS sources.

3.2. CO contamination

One factor that has complicated the interpretation of ground-
based submm observations of galaxies has been the presence
of CO emission lines within the submm passbands that make
a significant contribution to the continuum flux. Seaquist et al.
(2004) estimated that the CO (3–2) line contributed an aver-
age 25% of the flux received in the SCUBA 850 μm contin-
uum passband for galaxies observed in the SLUGS survey, with
the range of flux contributions going from 10–45% for the sub-
set of SLUGS galaxies for which CO(3–2) observations were
available. The SCUBA 850 μm filter has a bandwidth of
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The existence of very cold grains

Emissivity index-β is the key to the question

Previous theory model works

• Mixture of silicate & graphite: β = 2 (Drane & Lee 1984)
• A certain types of amorphous silicates: β > 1.5, depending on Td

(Agladze+1996)
• Amorphous carbon: β ∼ 1, graphitic grains: β = 2 (Mennella+1995)

The results may differ with the dust material, environmental temperature, and so on.

Previous observations

• β ∈ [1.5, 2], and 2 is better. (Braine+1997; Alton+1998; Bianchi+1998;
Fraguer+1999)

This maybe in the large-scale of the dust around stars contribute little to the
observation.
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Is this model right?

Fact
The theory tells us :

S450

S850
= (

ν450

ν850
)β × B(ν450,Td )

B(ν850,Td )

Deduction
The real β and Td must have a small range.

Model Test
Then assume the two parameters to be a Gaussian or uniform
distribution.
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Cont’d

The models, Dunne+2001

Note: The range of the values are taken from Dunne+2000.
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The existence of very cold grains

β = 2 is preferred!

The test results, Dunne+2001
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Cont’d

estimate of the contamination in the future (Seaquist, private

communication). The effects of possible line contamination are not

very large (as the suspected line contribution is comparable to the

uncertainty in the submm fluxes), but would lead to us

overestimating the dust masses by up to 30 per cent and

underestimating b by ,0.1 in both the isothermal and two-

component temperature cases. To mimic a COð3–2Þ contribution
Model 7 simply adds 10 per cent to the predicted 850-mm flux from

the SED template, which has the effect of reducing the flux ratios

for a given b. The tightness of the correlation in Fig. 6 suggests that

the contribution by this line adds little to the scatter, and is

therefore either relatively small or a remarkably constant fraction

of the continuum flux. The results of the comparisons of

simulations and data are given in Table 9.

The two isothermal SED models (1 and 2) are not compatible

with the data as, first, the ratio of S450/S850 is not predicted to be

constant (slope not unity) and, secondly, the means and

distributions of the flux ratios are not compatible with the data

and are ruled out by the KS tests at a high level of significance. Not

all two-component models can reproduce the observed Fig. 6

either. Models 5 and 6, which have lower b values (either b ¼ 1:5

or b has a range of values between 1.5 and 2.0), are also not

compatible because their flux ratio predictions are too low (i.e., too

much submm flux compared to that at 60mm); however, they do

produce the correct slope. The three models which had b ¼ 2 (3, 4

and 7) all produced acceptable matches to the data (the only

marginal point being the ratio of S450/S850 in Model 3 which had a

KS significance of 0.03). Lowering the cold temperature slightly,

as in Model 4, solved this discrepancy. Also, Model 7, which

includes the effect of a COð3–2Þ contribution, can produce the

correct flux ratio with the same cold temperature as Model 3 (i.e.,

20K). While there is an element of Tc, b degeneracy in fitting the

ratio S450/S850 (we could raise the cold temperature and lower b to

produce the same ratio), this does not solve the problem with the

IRAS/submm ratios, which were all significantly different from the

data in the lower b models. For this reason, we believe that Fig. 10

is evidence in favour of a steep and universal b value close to 2.

Any COð3–2Þ contribution will only strengthen this conclusion and
further reject lower b values. The warm temperatures used in the

models were based on the values which came out of the two-

component fits, and were kept constant for all models. We did

experiment with altering them, but for all realistic scenarios the

warm temperature values did not have a significant effect on the

models. The same is true for the ratio of cold/warm dust, which

Figure 7. Comparison of the 10 000 simulated flux ratios and the actual data points for the 37 galaxies (red stars) for models 1–7.

(a) Model 1 (b) Model 2 (c) Model 3

(f) Model 6(e) Model 5

(g) Model 7

(d) Model 4

708 L. Dunne and S. A. Eales

q 2001 RAS, MNRAS 327, 697–714
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Observation evidence of this model

Cold component temperature distribution

Single Gaussian distribution seems reasonable than a multi-peak

free paremeter, Dunne+2001

fluxes (not including 25mm), there are not enough data points to

provide a well-constrained fit; consequently, the values of x2min are

unrealistically low, and a large range of parameters will provide

very acceptable fits. The parameters producing the best fits are

given in Table 6, along with the original isothermal SED

parameters from Paper I – derived from fits to the 60-, 100- and

850-mm points only. Uncertainties in the parameters from the two-

component fits are also given, and these were produced using the

bootstrap method, as described in Paper I.

The relative contribution of the cold component to the SEDs

shows a large variation (the best parameter to describe this would

be Nc/NwÞ. Fig. 2(a) shows an example of a very ‘cold’ SED where

the cold component is clearly visible and, once the 450-mm point is

included, a single-temperature fit is excluded. This is in contrast to

other objects (Fig. 2b) where a cold component can be included,

but its contribution is barely noticeable and it is statistically

indistinguishable from an isothermal SED. The problem with

indeterminate objects, such as that in Fig. 2(b), is not simply due a

limited number of data points. For example, the SED of Arp 220

(Fig. 3) has more than enough data points, yet can still be fitted by

either single-temperature models with lower b or two-component

models with higher b (however, two-component models produce

the best fits).

The distribution of b for the sample is presented in Fig. 4, where

the original single temperature bs for these galaxies are also shown.

The two-component b distribution (solid line) is shifted toward

higher values than the single-temperature one (dot-dashed line) and

Figure 2. (a) SED of galaxy with a prominent cold component, not compatible with a single-temperature SED. (b) SED of galaxy with dominant warm

component; any cold dust is very difficult to see in the SED (if it is there at all). The solid lines indicate the composite two-component SED (parameters listed in

Table 6). The dot-dashed lines represent the warm and cold components.

Figure 3. Best-fitting SEDs for Arp 220 when b is a free parameter.

Although there are more than enough data points determine the free

parameters Tw, Tc, b and Nc/Nw, it is still possible to fit SEDs with either

single temperatures (dashed) and lower b, or two temperatures and steeper

b (solid). The fundamental problem in confirming the existence of colder

components is not simply one of a lack of data points, but rather a

degeneracy in the parameters. The parameters for this fit are listed in

Table 6.

Figure 4. Distribution of b for the 32 sources with submm fluxes at more

than one wavelength. The solid line is the two-component b distribution,

and the dot-dashed line represents the b from the original single-

temperature fits to the 60-, 100- and 850-mm fluxes.

Figure 5. Distribution of cold temperatures when b is allowed to take on

values between 1 and 2.
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the Galactic value of 226 (Sodroski et al. 1997).4 There is a slight

tendency for the galaxies with the largest angular sizes to have

higher gas-to-dust ratios (NGC 520, 958, 6181 and 7541), which

could be due to us missing some extended dust emission outside

the region mapped by SCUBA.

For the galaxies without useful 450-mm data, one can obtain

reasonable estimates of dust mass by fitting a two-component

model with Tc and b fixed at 20K and 2. This is actually the

procedure used in Paper I to investigate the possibility of cold dust.

The dust mass function for the whole sample using the dust masses

derived in this paper and those ‘cold dust masses’ (Md2) given in

table 4 of Paper I is shown in Fig. 9. This function could still be an

underestimate if there are large numbers of cold, dusty galaxies

which are not present in the IRAS sample.

4.1 Dust heating

The new distribution of Tc is shown in Fig. 10, and is now much

tighter than when b was not fixed; it is also more Gaussian with a

single peak at 21K. The mean is 20.9K with s ¼ 2:5, and both the

mean value and the small spread agree with the range of values for

Tc found in the literature ð15–25K : – Sievers et al. 1994; Guélin

et al. 1995; Neininger et al. 1996; Braine et al. 1997; Dumke et al.

1997; Alton et al. 1998; Haas 1998; Frayer et al. 1999; Calzetti

et al. 2000; Haas et al. 2000). It is also interesting to note that

alternative approaches to the SED inversion problem presented by

Hobson et al. (1993) and Pérez Garcia et al. (1998) also require two

or more temperature components and produce similar tempera-

tures. When observations are made with enough spatial resolution,

the SEDs of the central and outer regions of a galaxy can be fitted

separately. This often shows that the central regions contain most

of the warm dust at T . 30K, while the outer disc regions are

dominated by the colder ð15–20KÞ dust, the total SED being the

sum of the inner and outer (Braine et al. 1997; Dumke et al 1997;

Haas 1998; Papadopoulos & Seaquist 1999; Trewhella et al. 2000).

This suggests that Nc/Nw (or the prominence of the cold

component) is really telling us about the relative importance of the

disc/bulge dust components in these galaxies (similar to the

cirrus/starburst components in the models of Rowan-Robinson &

Crawford 1989). The more active starburst galaxies in the sample

display conditions like the centres of normal galaxies over a much

larger region, so that the central warmer component dominates the

SED. The fact that the warm dust always outshines the cooler dust

(per unit mass) is what makes it so difficult to disentangle the cold

component from the SED in cases where there is a relatively large

amount of warm dust.

The equilibrium temperature of a dust grain immersed in a

radiation field can be expressed as a function of the interstellar

radiation field (ISRF) as (van der Hulst 1946; Disney, Davies &

Phillipps 1989)

Teq/ ISRF 1=5
:

This would lead one to expect variations in Tc if some galaxies

(e.g., the more active starbursting ones) have higher ISRFs –

leading to slightly higher grain temperatures in their diffuse, cold

component. The range of Tc found in these galaxies ð17–27KÞ
corresponds to a factor of ,10 in ISRF intensity, although it may

have been expected that the more active star-forming galaxies in

the sample would have ISRFs many orders of magnitude greater

than that in the MilkyWay. However, these active environments are

also localized and dusty; therefore a lot of the extra short-

wavelength stellar radiation (UV) may be absorbed near to the

source, producing enhanced FIR radiation which is, in fact, the

warm component. It is generally believed that older stars contribute

significantly to the heating of the diffuse ‘cirrus’ dust component,

as well as some radiation from OB stars which leaks from the star

forming molecular clouds, although the relative importance of OB

stars as a source of heating is still not well determined (Cox et al.

1986; Boulanger & Perault 1988; Bothun, Lonsdale & Rice 1989;

Walterbos & Greenawalt 1996). If OB radiation leaked from sites

of star formation is not an important heating source for the colder

component, then the distribution of older stars and diffuse dust

must be responsible for any changes in Tc. We will leave an

investigation of the details of the dust heating to a future paper.

In Paper I we presented a relationship between dust temperature

(as fitted by an isothermal model) and 60-mm luminosity (Fig. 11).

Figure 10. Distribution of cold temperatures using b ¼ 2.

4The value quoted in Sodroski et al. (1997) is 167, but we have had to scale

their kdð240Þ ¼ 0:72m2 kg21 to ours at 850mm. Using b ¼ 2, the value of

kd(850) appropriate for Sodroski et al. is 0.057m
2 kg21. Therefore their Gd

must be multiplied by 0.077/0.057 to be consistent with ours, giving the

value 226.

Figure 9. Dust mass functions. Solid line: – ‘cold dust mass’ function, dust

masses are from Table 10 and from Paper I using a second cold component

with Tc ¼ 20K and b ¼ 2. Dashed line – dust masses calculated from the

850-mm fluxes using a single temperature as in Paper I. Schechter

parameters shown are a ¼ 21:85, M*
d2 ¼ 9:3 � 107 M( and f* ¼

2:1 � 1024 Mpc23 (solid); a ¼ 21:23, M*
d ¼ 2:5 � 107 M( and f* ¼

7 � 1024 Mpc23 (dashed).

The SCUBA Local Universe Galaxy Survey – II 711
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Observation evidence of this model

Observations support two components model

• Dust SEDs in most of the local galaxies detected by Planck prefer
two components model. (Ade+2011)

• The gas to dust ratio using one component model predict a 2 times
higher value than MW.(Dunne+2001, Vlahakis+2005)

Md =
S850D2

κd (ν)B(ν ,Td)
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Observation evidence of this model

Other support

• And there are some other individual observations support this
scenario in different type of galaxies.

• NGC 7331 (Alton+2001)
• Late-type in Virgo cluster (Popescu+2002)
• Planck detected Local Galaxies (Ade+2011)
• ...
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Observation evidence of this model

A recall of IRAS biased view
There may be a group of galaxies with faint 60-µm flux and rich in cold dust which
have strong submm emission being missed by IRAS

If using two components model...
It was found that the cold component has no correlation to the IRAS luminosity while
the warm luminosity(Md × (Nw/Nc )×T 6

w ) has a strong correlation. (Dunne+2001)
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Observation evidence of this model

What’s the heating sources?
• Warm: Strong star forming region, associated with molecular gas.
• Cold: Older stellar population (Teq = ISRF 1/5) and the OB star

leaks, mostly associated with HI (atomic gas).
• The active star-forming region may not be the reason of the

varying temperature, because they are local and dusty

FIGURE 10. NGC 1569 observations and modeled SED from Galliano et al. [30]. The data are
indicated by crosses: vertical bars are the errors on the flux density values and the horizontal bars
indicate the widths of the broadbands. The lines show the predictions of the dust model with its different
components. Diamonds indicate the model predictions integrated over the observational broadbands and
colour-corrected.

radiated by dust has been measured for the first time. Realistic geometries for stars and
dust have been derived from ISOPHOT imaging observations, enabling the contribution
of the various stellar populations to the dust heating to be accurately derived. This
enormous advancement in the understanding of normal galaxies in the nearby Universe
has laid the foundation for more detailed investigations with Spitzer and Herschel. A
clear priority is to increase the number of galaxies with detailed imaging information
and to provide better statistics on carefully selected samples, especially those selected
in the optical/NIR bands. Ultimately, the improved sensitivity of the new infrared space
observatories will allow knowledge of the dust emission from normal galaxies to be
extended beyond the nearby universe.
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The mass correlation between dust and gas

We can find a good spatial correlation along the major axis.
P. B. Alton et al.: Deep submillimeter images of NGC 7331; dust at the periphery of spiral disks 455

Fig. 2. The radial distribution of neutral gas in NGC 7331 (left
axis) plotted against 850 µm dust thermal emission detected
by SCUBA (right axis). The profiles have been generated by
azimuthally averaging emission from the disk (although only
the gas surface density has been corrected to face-on). The
radius is shown as a fraction of the R25 (315′′). The H2 profile
was made available by the BIMA SONG consortium (Regan
et al. 2000) and has been smoothed to the same resolution
as the 850 µm data (FWHM = 17.3′′). The HI profile was
kindly provided by Begemann et al. (1991) and has a spatial
resolution of 20′′. To derive the surface density of molecular gas
a value of X = 2 1020 cm−2 K km s−1 has been assumed for
the CO-to-H2 conversion factor (Maloney 1990). The random
errors in the 850 µm emission are comparable to the size of the
markers

imaged with SCUBA (observations discussed below) with
their corresponding HI and H2 column density profiles.
We were unable to confirm that Q is enhanced in the H2

phase, however, because our sample size is small and the
emissivity of H2 dust is degenerate with the CO-line con-
version factor X (itself uncertain by a factor of 2).

For our conversion of submm flux density to optical
depth we adopt the emissivity given by Boulanger et al.
(1996), namely:

Q(V )
Q(850 µm)

= 46 000. (2)

Of all the current estimates of Q(850 µm) this produces
the largest value for τB and ultimately we wish to place
upper limits on the optical depth at the periphery of spiral
disks.

In order to be able to infer τB from Eq. (1) we still
must have some notion of the grain temperature within
NGC 7331. To derive this quantity we employ the radia-
tive transfer model of Bianchi (1999). This simulation as-
sumes smooth distributions of both stars and dust which

Fig. 3. Azimuthally-averaged radial profiles of NGC 7331 at
450 µm (right axis) and at 850 µm (left axis). The emission at
850 µm is also shown before the final sky subtraction process.
The random errors in the submm emission are comparable to
the size of the plotted markers

decline exponentially with increasing galactocentric radius
and height above the midplane. The light paths of pho-
tons are followed, through a succession of scattering inter-
actions, until absorption takes place or the photon exits
the galaxy. Those rays which are absorbed contribute to
the heating of the dust and, in this way, a map of grain
temperature can be constructed (Bianchi et al. 2000b). To
simulate NGC 7331 we assumed a gas-to-dust ratio of 150
in regions of solar metallicity and a proportional decrease
(increase) in this ratio for higher (lower) heavy element
abundance (Issa et al. 1990). We referred to spectroscopy
carried out by Oey & Kennicutt (1993) and Dutil & Roy
(1999) in order to learn the O/H abundance and metallic-
ity gradient in NGC 7331. To fix the H2 column density we
adopted a conversion factor of X = 2 1020 cm−2 K km s−1

(Maloney 1990) but varying this parameter by a factor
of 2 has little influence of the grain temperature eventu-
ally produced. The exponential scale-length of stars in the
NGC 7331 disk was ascertained from profiling an I-band
image obtained by Trewhella (1998b). A r1/4 bulge com-
ponent was also added to the stellar light. Colours gleaned
from the literature were used to gauge the luminosity in
wavebands extending from the far ultraviolet through to
theK-band (Table 3). The exponential scale-height of disk
stars, above the midplane, was fixed at 0.3 kpc and the
corresponding value for the dust was set at half this value.
This “sandwiching” of the main dust disk by a more verti-
cally extensive distribution of stars is indicated by optical

2+'�������WTMVEP
%PXSR�����

NGC7331, Alton+2001 NGC 891, Alton+2000
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Cont’d

Dunne+2000; SLUGS 104 IRAS BGS.

Vlahakis+2005;
filled circles:OS, open circles BGS

Be careful:
Those are single temperature model!
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Cold dust in different type of galaxies

Cold dust along the Hubble sequence

There is no tendency for the changes with Hubble types

• The distributions of β and Td fitted in single component model.
• The distributions and the median values of Tc and Tw
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Cold dust in different type of galaxies

Dust difference of various type of galaxies - Mass
Ultraluminous infrared galaxies 283

Figure 7. K-band absolute magnitude versus total dust mass for ULIRGs
and SLUGS galaxies. K-band absolute magnitude calculated using 2MASS
Ks_tot values and redshifts versus total dust mass derived from the two
component dust fits. Open squares are SLUGS galaxies, solid triangles are
ULIRGs from this paper where we have both 450 and 850 μm fluxes. The
outlying ULIRG with the brightest K-band absolute magnitude is Mrk231
whose K-band light will include a substantial amount of AGN emission and
is thus expected to be an extreme outlier.

Drawing conclusions about the relative masses of dust and stars
in these objects is more complex. Dasyra et al. (2006a,b) have calcu-
lated the mass of ULIRGs using stellar kinematics to measure cen-
tral SMBH masses and the well-known correlation between these
and bulge mass. Their study, including 10 of the objects discussed
here, finds that ULIRGs are sub-m∗ to m∗ objects. This agrees
with similar calculations using emission-line velocity dispersions
(Colina, Arribas & Monreal-Ibero 2005). ULIRGs are nevertheless
brighter than L∗ in the near-IR, with mean K-band abs. mag. of
−25.4 for our set of 15 objects with 450 and 850 μm photometry.
ULIRG K-band luminosities are clearly boosted by AGN – if we re-
move those objects that have a clear AGN component visible in the
optical, i.e. those with classifications as Sy1 or Sy2, then this value
drops to K = − 25.0, but this is still 1.5 mag above the K∗ value
found for normal galaxies in Two Micron All Sky Survey (2MASS)
(Devereux et al. 2009). It thus seems that we cannot simply use
K-band magnitudes as an indicator of stellar mass for this popu-
lation. Further analysis of this problem must await accurate stellar
mass determinations for large samples of FIR luminous objects for
which there are also dust mass determinations. The 10 ULIRGs
common to this paper and Dasyra et al. (2006) would make a good
starting point. More broadly, Fig. 7 would seem to suggest that a
broad correlation exists between K-band luminosity and dust mass
for most objects. The exceptions to this correlation are those objects
like Mrk 231 where an AGN is a strong contributor to the K-band
light.

A plot of FIR luminosity per unit dust mass against FIR lumi-
nosity is shown in Fig. 8. This shows that ULIRGs are producing
more FIR luminosity per unit dust mass than systems with lower
FIR luminosity. This could come about either through more effi-
cient star formation processes – i.e. more stars are produced per
unit dust mass in ULIRGs – or through a tighter coupling between
the dust and the sources of luminosity – i.e. a greater fraction of the
luminosity produced in a ULIRG is absorbed by dust and reradiated
in the FIR.

Figure 8. FIR luminosity versus total dust mass for ULIRGs and SLIGS
galaxies. Open squares are SLUGS galaxies, solid triangles are ULIRGs
from this paper where we have both 450 and 850 μm fluxes.

4.5 Dust in SMGs

One of the current problems in connecting local and intermediate
redshift ULIRGs to the high-redshift SMGs is that the two popula-
tions appear to lie in different parts of the temperature–luminosity
(T–L) plane and that the SMGs appear to have higher dust masses
than ULIRGs (Yang et al. 2007). In Fig. 9, we plot the positions of
our ULIRGs alongside SMGs from Chapman et al. (2005), Coppin
et al. (2008) and Kovacs et al. (2006), as well as moderate z ULIRGs
from Yang et al. (2007) and the more normal SLUGS sources from
Dunne et al. (2000). As can be seen, the SMGs seem to follow a
rather different track in L–T space to more local objects such as
ULIRGs and SLUGS galaxies, suggesting that SMGs contain sys-
tematically cooler dust than more local objects. Multiband Imaging
Spectrometer for Spitzer (MIPS) observations of moderate redshift
sources at 70 and 160 μm by Symeonidis et al. (2009) appear to

Figure 9. Comparison of ULIRGs, SMGs and normal galaxies on
luminosity–temperature diagram based on single temperature dust SED fits.
Open squares are SMGs from Chapman et al. (2005), open triangles are
SMGs observed with SHARC-II by Coppin et al. (2008) and Kovacs et al.
(2006). + signs are the SLUGS sources from Dunne et al. (2000), × are
intermediate redshift ULIRGs from Yang et al. (2007), while ULIRGs from
this work are solid dots.

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 403, 274–286

90-6+7

709+7

Clements+2010

ETGs
Spirals

ETGs
Spirals

passive spirals

Rowlands+2011

Be careful:
Those are single temperature model!
Lack of the mulit-component analysis
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Cold dust in different type of galaxies

Dust difference of various type of galaxies - Temperature
OS sample and IRS sample, Vlahakis et al.,2005

ULIRGS sample and SLUGS sample, Clements et al.,2010
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Cold dust in different type of galaxies

Dust difference of various type of galaxies - Temperature

14 local Spiral galaxies and SLUGS sample,Stevens et al.,2005

There may be a connection between star-formation activity and Td .
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A cosmic evolution?

Luminosity-Temperature Plain

Ade+2011, new results from Planck.
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A cosmic evolution?

850µm Luminosity Function
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PSCz-extroploted: α =−1.38; OS+SLUGS: α =−1.71; SLUGS: α =−2.18.
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A cosmic evolution?

Dust Mass Function
There did exist dust mass evolution. And DMF can help us understand a lot!1520 L. Dunne et al.

Figure 9. DMFs using the modified PC00 estimator calculated in five redshift slices of �z = 0.1. Top: SED-based dust masses. Bottom: isothermal dust
masses. The relation between dust mass and L250 has some scatter due to variation in the temperature of the cold ISM dust, which results in down-turns in the
lowest mass bins in each redshift slice. The broader error on Md acts to convolve the true DMF with a Gaussian of width approximately 0.2 dex. Schechter
functions are plotted in the top panel with the faint-end slope fixed to that which fits best in the z < 0.1 slice. Parameters for the fits are given in Table 3.

(either isothermal or cold ISM temperature) and indeed we also see
no correlation of either temperature with luminosity (either dust
luminosity from the DCE08 model or L250) for this sample (see
Fig. 14).

To summarize, while we are subject to uncertainties in our ability
to derive the dust masses and the exact scale of any evolution, we
are nevertheless confident that:

(i) the evolution in the 250 μm LF out to z = 0.5 cannot be driven
by dust temperature increases; there must be some evolution in the
mass of dust as well.

(ii) the H-ATLAS sources at z ≤ 0.5 are colder than previous
samples based on IRAS data and therefore most of the evolution
at low redshift is driven by an increase in the luminosity or space
density of such cooler galaxies.

C© 2011 The Authors, MNRAS 417, 1510–1533
Monthly Notices of the Royal Astronomical Society C© 2011 RAS
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Cold dust in galaxies near and far, Chentao Yang 2011-12-21, SFIG Group Activity



. . . . . .

. .

.

Why dust IRAS bias
. . . . . . .
. . . . .

Cold grains Gas&Dust
. . . .
. . .

Dust evolution&environment Dust origin Summary&Prospect

How do the dust form?

• Budget crisis both in low and high-z:
• Early-type galaxies (Rowlands+2011)

Cold dust is too much to be produced!
• High-z SMGs (Micha lowski+2010)

Its too early to form so much dust!

• Possible solutions:
• Our SNe theory needs modified

(controversial between observation and model:
Matsuura+2011; Dunne+2003; Sibthorpe+2009)

• top-heavy IMF (not enough)
• grains growth in the ISM
• inefficient destruction
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Summary

• A very cold dust component exists
• two components model with β = 2
• cold dust is extended distributed
• good dust and gas correlation
• real situations may be much more complicated

• Cold dust exists in many kinds of galaxies, and we
underestimated their amount

• we face a dust budget crisis
• there need more study on the dust origin at high-z and the process

on dust destruction

• Previous view of the dust is biased by IRAS
• Herschel(H-ATLAS, HerMES) and Planck(ERCSC) are doing

surveys, more inspiring results are coming out!
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Future Prospect

• Blind survey is needed with much larger samples!
• Herschel & SCUBA-2

• We also need a more precise physical model of dust in
galaxies, this model is still too simple!

• Optical Thin, single-T(lack of data) graybody systematically
overpredicts observed submm flux
(Hayward+2011, use 3D simulation)

• Multiband view of galaxy SED study, using extinction
information.

Cold dust in galaxies near and far, Chentao Yang 2011-12-21, SFIG Group Activity



. . . . . .

. .

.

Why dust IRAS bias
. . . . . . .
. . . . .

Cold grains Gas&Dust
. . . .
. . .

Dust evolution&environment Dust origin Summary&Prospect

Thank you & Merry Xmas!

(in advance)
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